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ABSTRACT: 
One of the most attractive applications of FRP (fibre reinforced polymers) is the confinement of concrete columns 
to enhance both its strength and ductility against axial compression loads. So far, many experimental studies have 
been conducted on circular cross-sections confined with FRP and subjected to pure axial compressive loading. 
Consequently, several design models have been proposed to describe the behaviour of FRP-confined concrete. 
There are two key parameters on the fitting of the models: the strain efficiency factor (the ultimate strain of the 
FRP jacket is lower than the ultimate strain obtained by the standard tensile test of the FRP) and the effect of 
confinement in non-circular sections. The curvature of the fibres in the jacket has been identified as one of the 
causes of the reduced value of the effective ultimate strain, which is particularly predominant in rectangular 
sections with rounded corners. It is well known that the confinement of square or rectangular sections is less 
effective, and design guides usually introduces a shape factor to account for the non-uniform confinement. 
However, the effect of the radius of curvature of the corners on the rupture strain of the fibers is not generally 
taken into account. The British guide TR55 propose to use a smaller strain efficiency factor for rectangular 
columns, but it is necessary to increase the experimental base in order to clarify this hypothesis. The aim of this 
work is to show the results of an experimental program that is being carried out in square and rectangular 
specimens in order to study the influence of the shape factor and the corner radius in the FRP effective ultimate 
strain. It is planned to use the results of the full experimental program to develop a model of behaviour of the 
composite system for square or rectangular columns. 
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INTRODUTION 
The strengthening of concrete structures is the construction field in which fibre reinforced polymers (FRP) has 
been applied more quickly and successfully, due mainly to their resistance to corrosion and lightness which 
involve construction easiness and savings. 
One of the most widespread application is the reinforcement by confinement of reinforced concrete columns of 
existing structures, both bridges and buildings. The increase in compressive strength of the confined concrete has 
been studied since the beginning of the 20th century and it has been applied to reinforcement of pillars by 
confining with bars or metal fastener. 
The first investigation on FRP confinement tried to use the analytical models previously developed for the 
confinement by steel but soon it was found that inadequate results were obtained, as FRP materials have an elastic 
behavior until failure. The confinement models with steel suppose a constant confinement pressure, hypothesis 
that is valid for steel but not for composite materials. In the case of FRP strengthening, the confinement action 
increases continuously while concrete is expanding laterally. 
For this reason, there has been a need to renew the experimental studies for FRP and a new approach of theoretical 
models (Spoelstra, 1999; Lam 2003; Pham 2003; Wu, 2015) that have been incorporated into the guidelines and 
design recommendations published in recent years in various countries (ACI-440.2R-17, 2017; CNR-DT200_R1. 
2013; TR55, 2012; fib Bulletin 14, 2001). These guidelines include simple formulations to obtain the properties 
of the confined concrete (strength and ultimate strain) as a function of the FRP confinement pressure and the 
properties of the unconfined concrete. 
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Most studies have been carried out on circular sections (fib Bulletin 14, 2001). Experimental studies on specimens 
with square or rectangular cross section are rather sparse (de Diego, 2016; Karam, 2004), despite the greater use 
of these sections in building structures. These tests show that the confinement is less effective than for rounded 
sections. For the theoretical analysis, the models developed for circular cross sections are usually used but 
including reducing coefficients to take into account the effect of the section shape. The most accepted shape factor 
is based on the arc effect, usually used in the confinement by steel, which considers that only the concrete area 
contained by the four second degree parabolas that cut to the sides at 45º is completely confined, while in the rest 
of the section the confinement is negligible. 
 
As the experimental database available is not large and the range of considered parameters is very limited, this 
work involves a test program with the aim of research the behavior of square and rectangular cross sections 
concrete which has been externally confined by FRP. 
EXPERIMENTAL PROGRAM 
Description of experimental program and main parameters 
Axial compression tests were performed on 15 concrete prismatic specimens with square and rectangular section. 
14 of them have been externally strengthened with CFRP (polymer reinforced with carbon fibres) and one 
specimen has been tested without reinforcement as a reference. The specimens don’t have internal steel 
reinforcement. 
The tests presented in this paper are part of a more extensive experimental program whose variables are: 
- The aspect ratio of the cross section or relationship between the sides of the concrete section (b/d). Square 
section specimens (b/d=1) and rectangular section ones (with b/d=1,5 and  b/d=2) have been tested. 
- The radius of curvature of the corners (Rc). Before applying the strengthening, the corners of the sample are 
rounded to obtain different radius of curvature. Increasing the radius enhances the value of the shape factor 
which is commonly used in models. Three values of Rc have been chosen: 20, 25 and 30 mm. 
- The amount of FRP reinforcement. Specimens have been strengthened with 1, 2 and 3 layers of carbon FRP. 
The FRP material has a fibre nominal thickness of 0,129 mm. 
Thereafter the specimens were named as follows: first the cross section aspect ratio (b/d) is indicated, followed 
by the radius of curvature of the corners Rc in mm and finally the number of layers of the FRP strengthening. In 
those cases in which specimens with the same characteristics are tested, the letter a or b is placed at the end. 
Specimens preparation 
Concrete prismatic specimens were formed with a length of 600 mm and three different types of section:  
- Square section (150 x 150 mm2). 
- Rectangular section with aspect ratio of the cross section b/d=1,5 (150 x 225 mm2). 
- Rectangular section with aspect ratio of the cross section b/d=2 (150 x 300 mm2). 
To obtain the planned radius of curvature of the corners, it has been used both wooden formwork with rounded 
corners and prismatic molds in which rounded pieces are incorporated in the corners. After concrete specimens 
hardened, the corners were rounded to assure the planned radius of curvature. Figure 1 shows the cast of the 
specimens, which is done vertically and the work of rounding the corners and subsequent strengthening.  
The value of the concrete compressive strength was obtained by testing at 28 days after casting cylindrical 
normalized specimens. 
FRP strengthening  
The FRP material used for the strengthening is formed by unidirectional carbon fibre sheets with epoxy resin. The 
net fibre thickness is 0,129 mm for each layer. Tensile testing of FRP flat coupons has been carried out according 
to UNE-EN ISO 527-4. It was obtained a mean value of tensile strength of 4 161 N/mm2 and a modulus of 
elasticity equal to 236 918 N/mm2 (both properties referred to the net section of fibre). The mean value of the 
ultimate strain was equal to 0,017. 
The FRP was applied by the hand lay-up technique or wrapping (Figure 1) which is the most common 
strengthening method. It consists on applying the unidirectional carbon fibre fabric and the resin to the specimen, 
forming the composite material on the concrete substrate when the resin is cured. All the fibres are oriented in a 
direction perpendicular to the axis of the pillar, which is called 0º orientation, with a minimum overlap length of 
100 mm. The specimens are reinforced along their full length with 1, 2 or 3 layers of fibre, according to the test 
plan. Also at the ends of each specimen, an additional strip with 100 mm of width and two layers of fibres is 
applied in order to avoid local failures in the heads. With this strengthening scheme the failure will occur in the 
central zone. 
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The ends of the reference specimen have also been retrofitted with two layers of fibre, in this case 150 mm wide. 
The central zone of this specimen is unstrengthened in a length of 300 mm. 
     
Figure 1: Formworks, cast of concrete, round of corners and CFRP strengthening. 
Test set-up and instrumentation 
The specimens were instrumented in order to know their stress-strain behaviour. In all the specimens the axial and 
transversal strain in the central zone on all four faces were measured. Transversal strain was measured with four 
electrical strain gauges glued onto the FRP jacket at half the height of the specimen. The strain gauges were used 
centered at each face, perpendicularly to the column axis, that is, in the fibre direction. To measure the axial 
deformation, four electrical strain gages and four displacement sensors were used (over a measurement length of 
200 mm).  
The readings of the displacement sensors and the strain gauges, as well as the applied load, are recorded 
continuously during the test. 
The specimens were tested with centered compression load in a 2 700 kN capacity press (Figure 2).  
 
        
Figure 2: Test set-up and instrumentation 
EXPERIMENTAL RESULTS 
The experimental results are summarized in Table 1, indicating for each test: 
- The unconfined concrete strength fco obtained from cylindrical standard samples. 
- The ultimate axial load Qmáx. 
- The confined concrete strength fcc. 
- The rate of confined and unconfined concrete strength or strength enhancement ratio (fcc /fco). 
- The ultimate axial strain εcc, it is obtained by the mean value of the four side measurements. 
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- The ultimate transversal strain or FRP effective strain εf,eff. It is also obtained by the mean value of the four 
side measurements. 
- The relationship between the FRP effective strain (εf,eff) and the ultimate strain of the fibre obtained by standard 
tensile tests of flat coupons (εf), in this case equal to 0,017. This rate is commonly called strain efficiency 
factor. 
Table 1: Experimental results. 
Specimen fco [MPa] Qmáx [kN] fcc  [MPa] fcc/fco εcc εf,eff εf,eff/εf 
Reference 35,3 730,9 33,0 0,93    
1_20_1 35,3 803,6 36,3 1,03 0,01604 0,01113 0,63 
1_20_2 35,3 1071,7 48,4 1,37 0,01718 0,00954 0,54 
1_25_3 34,4 1593,6 72,6 2,11 0,02931 0,01147 0,65 
1.5_20_2 35,3 1212,6 36,3 1,03 0,01584 0,00690 0,39 
1.5_20_3 34,4 1497,5 44,8 1,30 0,01755 0,00975 0,55 
1.5_25_2 20,6 1242,9 37,4 1,81 0,02305 0,01130 0,64 
1.5_25_3 34,4 1640,1 49,4 1,44 0,03061 0,00984 0,55 
1.5_30_2a 35,3 1221,0 37,0 1,05 0,01467 0,00782 0,44 
1.5_30_2b (*) 20,6 1154,7 35,0 1,70 0,02122 0,00889 0,50 
1.5_30_3 34,4 1726,6 52,4 1,52 0,01954 0,01010 0,57 
2_20_3 22,8 1138,1 25,5 1,12 0,01282 0,00587 0,33 
2_25_3 22,8 1202,5 27,0 1,19 0,02434 0,00853 0,48 
2_30_3a 29,8 1533,7 34,7 1,16 0,01574 0,00658 0,37 
2_30_3b 22,8 1266,9 28,6 1,26 0,02186 0,00799 0,45 
 (*)Failure due to overlap debonding 
 
The axial and lateral normalized stress-strain curves obtained for the square specimens and the rectangular one, 
with an aspect ratio (b/d) equal to 1,5 and 2,0, are drawn in Figures 3, 4 and 5, respectively. In these graphics, the 
axial strain, or compressive strain, it is considered positive and the lateral strain, or tensile strain, is considered 
negative. 
The test of specimen 2_25_3 was carried out with a higher load speed than the others, about four times. In the 
graphic of the Figure 5, it can be observed a greater ultimate stress in this test, probably due to this higher load 
speed. 
 
 
Figure 3: Experimental normalized stress-strain curves for square specimens (b/d=1) 
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Figure 4: Experimental normalized stress-strain curves for rectangular specimens with b/d=1.5 
 
Figure 5: Experimental normalized stress-strain curves for rectangular specimens with b/d=2 
 
ANALISYS OF EXPERIMENTAL RESULTS 
It has been observed from square specimens tests that one CFRP layer practically didn’t improve the strength 
enhancement ratio (fcc/fco). However, with two and three layers of the same reinforcement, there was a remarkable 
enhancement (37% and 110% respectively). The normalized stress-strain response of the specimens with two and 
three CFRP layers (Figure 3) is approximately bilinear, which second branch is upward, meaning a sufficient FRP 
confinement. However, in the strengthened specimen with only one CFRP layer, the second branch isn´t upward 
although the confined concrete strength is lightly higher than the reference test. At the end of these curves, the 
axial and transverse strains are higher without increasing the load, which show that the amount of reinforcement 
applied wasn’t enough to achieve a significant strength enhancement. 
When analysing the results of  rectangular specimens with an aspect ratio (b/d) equal to 1,5, it is necessary to 
consider that two of the specimens were manufactured with a low strength concrete ((fco=20,6 N / mm2) while in 
the other specimens the unconfined concrete strength (fco) was approximately 35 MPa. For specimens with an 
unconfined concrete strength (fco) of 20,6 N/mm2 strengthened with two CFRP layers , strength enhancement 
ratios (fcc/fco)  between 70% and 80% were obtained, and the typical bilinear behaviour with an ascendant second 
branch can be observed. For specimens with an unconfined concrete strength (fco) of 35 N/mm2 the reinforcement 
with two layers is not enough to improve the concrete strength (in Figure 4 it is observed that the corresponding 
stress-strain curves have a descending branch), while with three layers increases between 30 and 50% are obtained. 
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For rectangular specimens with a shape factor (b/d) equal to 2,0 the effectiveness of the confinement is clearly 
lower. The strength improvement achieved with three layers is between 12 and 26%, and it was only observed an 
ascending bilinear behaviour in the specimen  2_30_3b, strengthened with tree layers and with an unconfined 
concrete strength of 22,8 N/mm2.  
In all cases, although there wasn’t an enhancement of the strength, the ultimate concrete axial strain increases 
remarkably, obtaining values of εcc between 1,5% and 3%. 
Although the number of test pieces tested so far is small, the tests carried out show that the efficiency of the FRP 
confinement is higher when the radius of curvature of the corners is greater. Figure 6 shows the stress-strain curves 
for three rectangular specimens with b/d=1,5. As the radius of curvature increases, the strength enhancement ratio 
increases and the slope of the second branch of the curves is also greater. 
 
 
 
Figure 6: Stress-strain curves for rectangular specimens with b/d=1,5 and different corner radius 
 
The failure of the specimens was caused by the jacket rupture, usually near a corner (Figure 7). The failure 
occurred suddenly, although preceded by some warning signals such as noise, probably due to the rupture of some 
FRP fibres, followed by an explosive failure which occurs with rupture of the FRP jacket in the central area, in 
which the concrete is completely disintegrated. Only one of the specimens (1.5_30_2b) had a failure due to 
debonding in the jacket overlap, however it was for a value of load and FRP strain near to the ultimate ones. 
 
 
Figure 6: Failure of specimens 
 
The strains measured on the fibres at the time of rupture (εf,eff ) were significantly lower than the ultimate strains 
obtained by standard tensile testing of FRP flat coupons (εf). This fact is shown in most of the published 
experimental studies, but the dispersion of results is large (Sadeghian, 2014). Several design guidelines have 
proposed introducing a strain efficiency factor (εf,eff/εf), applied to the ultimate strain to take into account this fact. 
Although they are often based on circular section specimens, these guides usually proposed to use an efficiency 
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afctor of 0,55-0,60. The British guide TR55 is the only standard that proposes smaller values for rectangular cross 
section columns (between 0,25 and 0,40), depending on the dimensions of the section and the radius of the corners. 
Table 1 shows the coefficient of efficiency (εf,eff/εf) of each test. These coefficients are between 0,33 and 0,65, 
with an average value of 0,51. If only specimens with a sufficient level of confinement are taken into account, the 
average value is 0,54, and it decreases with increasing aspect ratio (0,60 for square sections, 0,52 for b/d=1,5 and 
0,45 for b/d=2).  
 
CONCLUSIONS 
The main conclusions of the detailed experimental program are: 
- Confinement with FRP composites can significantly improve the bearing capacity and ductility of square section 
reinforced concrete columns with rounded corners. The strength enhancement ratio is greater the lower the 
concrete strength and also increases with the amount of FRP confinement. 
- In rectangular sections with an aspect ratio (b/d) equal to 1,5, the efficiency of the strengthening is smaller, being 
necessary to increase the amount of reinforcement. In the specimens with an aspect ratio (b/d) equal to 2, it wasn´t 
obtained enough strengthening if the unconfined concrete strength was about 35 N/mm2, but it achieved for 
specimen 2_30_3b which unconfined concrete strength was 22,8 N/mm2. More tests are needed to draw 
conclusions in this regard.  
- The enhancement of the concrete strength ratio (fc/fco) that is achieved with the FRP jacketing increases with the 
amount of FRP and, for a given amount, with the radius of curvature of the corners. The stress-strain response of 
FRP confined concrete is approximately bilinear with a smooth transition zone. In the first region, the behaviour 
is similar to that of unconfined concrete. With rounded corners and sufficient confinement ratio the second branch 
of the curve is also monotone upward, being more ascending for the bigger amount of FRP strengthening and, for 
the same FRP amount, increasing for greater radius of the corners. For inadequate confinement ratio, the second 
branch is almost horizontal or, even, descending.  
- The failure usually occurs suddenly and explosively by tensile rupture of the jacket fibres to a strain value much 
lower than that obtained by tensile testing of FRP coupons. 
- The coefficient of efficiency (εf,eff/εf) from tests are between 0,33 and 0,65 with an average value  of 0,51. 
Considering only the strengthened specimens which CFRP amount was enough, the average value of the 
coefficient of efficiency is 0,56, similar to the proposed one in existing guides. The results obtained so far in this 
experimental program show that the coefficient of efficiency (εf,eff/εf) decreases with increasing aspect ratio 
although more tests are needed to confirm this finding. 
The above conclusions should be considered within the scope of the studied parameters, and with the limitations 
derived from the small number of tests carried out so far. The presented work is part of a more extensive 
experimental program, in which the specimens on a real scale will be also tested in order to confirm these 
conclusions. 
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